The frictional behaviour betw een m ild steel surfaces lubricated w ith excess o f pure hydro carbons, ketones, alcohols, amides, acids and esters has been investigated a t low speeds and under high loads. In all cases a transition from sm ooth sliding to irregular stick and slip m otion takes place at a tem perature characteristic o f the lubricant em ployed.
I t is generally supposed th at substances which reduce the friction between surfaces sliding at low speeds and under high loads do so by forming an adsorbed layer on each surface, thus preventing contact occurring between the surfaces. Rayleigh (1918) found th at invisible films of greasy m atter lubricate, Devaux (1924) showed that these films need not be more than one molecule thick, and Langmuir (1920) transferred a unimolecular film of oleic acid from the surface of water to a glass plate, thereby reducing the coefficient of friction from about unity to 0*13.
A systematic and comprehensive study of the effect of boundary films on the coefficient of static friction was made between 1919 and 1934 by Sir William Hardy and his collaborators (1936) , who demonstrated the influence of the length of the adsorbed molecule on its lubricating properties. The static friction between steel surfaces lubricated with series of esters has recently been investigated by Fogg (1940) using a modified Deeley machine.
The existence of oriented films at the surface of a metal has been demonstrated by the X-ray measurements of Muller (1923) , Trillat (1925) and Bragg (1925) ; and by the electron diffraction experiments of Andrew (1936) , Finch & Zahoorbux (I937)> Tanaka (1938, 1939) , and Beeck, Givens & Smith (1940) .
An analysis of the friction between slowly moving steel surfaces by Bowden and his collaborators (1939) has shown that in the presence of some lubricants such as [ 23 ] 24 white oil, liquid alcohols, and the lower fatty acids the motion proceeds in a series of jerks: when the higher fatty acids are used as lubricants the motion is smooth. Tabor (1940) found th at in the case of steel surfaces lubricated with some com mercial oils and fatty acids which gave smooth sliding at room temperature, the motion changed to the jerky 'stick-slip' type as the surface was heated. This transition from smooth sliding to stick-slip is reversible with temperature and characteristic of the lubricant employed. Tabor suggested th at the transition is due to a disorientation or desorption of the adsorbed film, and the temperature at which it occurs is a measure of the strength with which the film is adsorbed on the surface. This paper describes an investigation of this effect for a number of pure chemical compounds used as lubricants for mild steel and stainless steel surfaces, both as an excess and as built-up films of known molecular thickness.
The experiments with excess of lubricant on hydrocarbons, alcohols, and twro of the fatty acids were made in collaboration with Tabor, wrho set up the apparatus used in this investigation.*
Experimental
The apparatus employed in this investigation was similar to th a t described by Bowden & Leben (1939) .
It consisted of a flat plate with its face horizontal, carried on a horizontal slide driven slowly and uniformly by a hydraulic piston. An approximately hemi spherical contact was pressed vertically against the face of the plate, with a known pressure, by an adjustable spring.
The friction acting on the contact was measured by the deflexion of the suspen sion wdiich carried it. In order to record rapid fluctuations in friction a system with a rapid response-and therefore a stiff restraint and low moment of inertiawas required. This was achieved by using two vertical piano wires as a bifilar suspension for a bar of Electron which carried the contact. The bar was horizontal, perpendicular to the direction of motion, and above the face of the plate. The effective length of the piano wires was 6 cm. and the wires were 3 cm. apart. One end of the Electron bar was clamped to the centre of one of the w ires, the other wire being clamped near the centre of the bar and 2-5 cm. from the contact which was carried at the other end of the bar and projected over the plate. The friction acting on the contact rotated the bar against the restoring force of the piano-wire sus pension, the rotation being recorded by a galvanometer mirror attached to the arm.
For the range of loads 2-10 kg., 1-22 mm. diameter piano wire was used, and for loads of |-3 kg. 0-38 mm. diameter piano wire was employed. W ith the thick * S in ce th is p ap er w a s w r itte n a fu rth er p u b lic a tio n b y D r T ab or ( 1 9 4 1 ) h a s a p p ea red in w h ich so m e resu lts for fa t ty a cid s, id e n tic a l w ith th o s e d escrib ed in th is p a p er, are g iv e n . I t sh ou ld therefore b e p o in te d o u t th a t th e r e su lts g iv e n in th is p a p er are th e w ork o f th e p r e se n t au th or, e x c e p t w here th e c o n tra ry is d e fin ite ly sta te d . wires the natural frequency of vibration of the system recording the fiiction \\ as of the order of 1000, which was about ten times greater than with the thin wires.
A heating element built into the apparatus beneath the plate enabled the latter to be heated electrically, the rate of heating being controlled by rheostats in the circuit. The temperature of the surface of the plate in the neighbourhood of the contact was measured by a thermocouple consisting of a copper point and a constantan point resting on the surface and connected in series with a mirror galvanometer.
The lower surface was prepared by grinding on a flat wet lead lap with 320 carborundum, cleaned with rouge and water, washed in 20 % caustic soda solution and rewashed with water.
The plate was then placed in the vapour of boiling acetone to remove the water. A bright reflecting surface crossed by numerous fine scratches was obtained. The hemispherical contact was polished on 0000 emery paper. The plate and the contact were made from the same piece of mild steel of the following composition: carbon 0-13 %, silicon 0-21 %, manganese 0-59 %, sulphur 0-018 %, phosphorus 0-015 %, chromium 0-05 %, nickel 3-42 %. The steel was taken from the bottom of an ingot to ensure uniformity.
In the experiments in which an excess of lubricant was employed approximately 0-1 g. of the lubricant was placed on the surface, which, in the case of solids, was warmed to melt the lubricant. The position of the contact was then adjusted so as to come within the drop of lubricant. An excess of the lubricant was then main tained round the contact by surface tension.
In carrying out a determination of the transition temperature the plate was set in motion and slowly heated at a uniform rate. The friction was recorded on a moving photographic film by a beam of light, reflected from the mirror attached to the Electron bar carrying the contact, and focused on the slit of a camera. A simul taneous record of the temperature of the surface of the plate was obtained by another beam of light reflected from the mirror galvanometer and also focused on the camera.
The effect of the load and characteristics of the RECORDER ON THE FRICTIONAL BEHAVIOUR
The mean values of a large number of determinations, with excess of oleic acid as lubricant, of the coefficient of friction in the region of smooth sliding, and the temperature at which the transition from smooth sliding to stick-slip occurs, for loads of |-1 0 kg., are plotted in figure 1.
As the load used in experiments was increased, both the coefficient of friction and the transition temperature increased until constant values were reached at loads of 3 kg. and over. The question arose whether the differences in coefficient of friction and transition temperature between runs at high and low loads were due to some mechanical effect (such as the contact gouging a track in the plate at high loads) or to a variation in the thickness of the lubricating film with load. To test this point, experiments were made in which the amount of lubricant present was limited to a unimolecular film on each of the test-pieces, and it was then found that the coefficient of friction and the transition temperature had the same values for loads of f and 4 kg. These experiments were carried out with ethyl stearate and elaidic acid as lubricants, the unimolecular films being deposited from wrater on the test-pieces by the Langmuir-Blodgett technique. Stainless steel test-pieces were used for this purpose.
This result show's th at the dependence of the coefficient of friction on load, observed with excess of oleic acid, wras due to a variation of the thickness of the lubricating film, with load. The limiting high value at high loads is roughly the same as that obtained in the experiments on unimolecular films of methyl stearate, ethyl stearate, elaidic acid, stearic acid and myristone (described in a later section of this paper), all of which have molecules of approximately the same length as oleic acid.
The hemispherical contact becomes deformed under the applied load (Bowden & Tabor 1939) , the area of contact increasing with the load. The pressure dis tribution over the area of contact will not be uniform: in the centre wrhere it is highest it may be sufficient even at comparatively low loads to penetrate to the primary film. At high loads penetration to the primary film will occur over a greater proportion of the area of contact. At low loads the frictional behaviour is mainly due to the contact sliding over the outer oriented layers, wrhile above 3 kg. the frictional behaviour is predominantly affected by the primary adsorbed layer. Further support for this view is afforded by experiments with ethyl stearate as lubricant. When an excess of this substance was present no stick-slips occurred at room temperature and the coefficient of friction remained constant a t 0*18 over the range of loads of 2-10 kg. using the high-frequency friction recorded (1*22 mm. diameter wires), but at lower loads with the low-frequency recorder (0-38 mm. diameter wires) stick-slips occurred at room temperature and increased in size with rise of temperature. When a unimoleeular film was present a steady value of 0*18 was obtained for the coefficient of friction at a load of | k g .; when a film three molecules thick was used stick-slips occurred. Evidently a t the low loads used with the low-frequency recorder the frictional behaviour is influenced by layers beyond the primary adsorbed film. The occurrence of stick-slips in this case is not due to the disorientation of the primary film, which is shown elsewhere in this paper to be responsible for the occurrence of stick-slips a t higher loads.
These results show th a t orientation in the case of oleic acid extends into the liquid beyond the primary layer adsorbed on the steel surface. In this connexion it may be noted th at Trillat (1929 Trillat ( , 1930 has sho wn th at orientation of long-chain acids may extend some little distance from a surface into the interior of a liquid, and Andrews's electron-diffraction experiments (1936) indicate orientation ex tending beyond the primary layer.
These results clearly demonstrate the importance of using high loads if it is desired to investigate lubrication under true boundary conditions. A load of 4 kg. on the hemispherical contact and a sliding speed of 0*005 em./sec. were used in all the following experiments.
The influence of temperature on boundary lubrication I. E xperiments with an excess of lubricants on mild steel surfaces
Hydrocarbons
Hexadecane, diphenylmethane, paraffin wax, diphenyl and b is -d ip h e n y lmethane all gave smooth sliding in the solid state and a sharply defined transition to stick-slips at the bulk melting-point. The photographic record of the friction obtained in the case of diphenylmethane is reproduced in figure 2. When melting was observed on the surface in the neighbourhood of the contact, the thermo couple circuit was momentarily broken. This point is recorded by a deflexion in the temperature trace.
Alcohols
Lauryl and ceryl alcohol gave smooth sliding in the solid state and a transition to stick-slips at the melting-point.
Ketones
Methyl hepta-decyl ketone, myristone and benzophenone gave smooth sliding in the solid state and a transition to stick-slips at the melting-point.
Amides
Acetamide, pelargonamide and myristamide gave smooth sliding in the solid state and a transition to stick-slips at the melting-point. 
Acids
No change in the frictional behaviour occurred as the fatty acids were heated through their melting-points. Figure 3 shows the friction trace of elaidic acid as it passed through its melting-point. At a tem perature considerably above the melting-point the motion changed from smooth sliding to stick-slips as shown in figure 4, which is typical of the results obtained with the fatty acids. When the transition occurs at a temperature considerably above the melting-point, it is not so sharply defined as when it occurs at or near the melting-point, but extends over a range of about 5° C. The value of the transition temperature also varies in different parts of the surface due to the difficulty of obtaining a surface of uniform finish and uniform activity. Successive values obtained in the case of pelargonic acid were: 95, 90, 95, 95, 100, 90, 85, 80, 85, 80, 90° C, giving a mean value of 90° C (to the nearest 5° C).
A number of the fatty acids of the series CrtH 2n+1. COOH from butyric (n = 3) to stearic (n= 17) were examined. The transition temperature could not be deter mined in the case of the lower members of the series owing to their volatility, and the rapidity with which they attacked the surface forming a layer of the ferric salt on which smooth sliding persisted to high temperatures. In the case of stearic acid the transition temperature decreased with successive determinations, eventually reaching a constant value of 110° C. When this stage was reached the drop of stearic acid on the surface was observed to be slightly brown: it was then shown by a chemical test to contain iron. Some experiments were made with pure dry ferric stearate, which gave a transition at 115° C. According to Lawrence (1937) the true melting-point of ferric stearate is 113° C. In the case of ferric stearate the transition occurs approximately at the meltingpoint. These results show th at the initial high value of the transition temperature of stearic acid is the true value of the acid, the subsequent lower values being due to the formation of the ferric salt. Palmitic acid behaved in a similar manner, but the other acids, intermediate between palmitic and capric, gave a series of values constant to within 5° C. Although it is well known th a t the acidic properties of this series of acids becomes more marked as the length of the chain decreases, the transition temperature, on the other hand, like the melting-point, rises as the chain length increases. The rate of attack of the acid on the steel surface increases rapidly with rise of temperature, so that, although the higher members of the series may not show such marked acidic properties as the lower members, they may attack the steel more rapidly at their higher transition temperature.
The results obtained with this series of fatty acids are shown in figure 5 , from which it will be seen that the difference between the transition temperature and the melting-point is approximately 70° C for the acids in which the length of the hydrocarbon chain varies from 8 to 17 carbon atoms. 
Stereo-isomeric fatty acids
Some experiments were made in which oleic acid and its stereo-isomer elaidic acid were used as lubricants, and the following results were obtained: Although these two acids differ in their configuration in space, the interval between the transition temperature and the melting-point is, within the limits of experimental error, the same in each case, and the same as th a t occurring with the saturated fatty acids.
Some experiments were also made with dicarboxylic fatty acids and aromatic acids, but these attacked the steel surface rapidly after melting.
Esters
Preparation and purification. The methyl esters, with the exception of methyl cerotate, were prepared by esterification with sulphuric acid and a large excess of methyl alcohol. Any free acid remaining was removed and the ester repeatedly re crystallized or fractionally distilled in vacuo. Methyl cerotate was prepared from dry silver cerotate and methyl iodide (cf. Whitby 1926).
The stearic esters of the normal alcohols were prepared from silver stearate and the iodide of the alcohol (cf. W hitby 1926). The difficulty in purifying long-chain compounds is well known (cf. Smith 1938), but the sample of stearic acid used in these preparations melted at 69° C and probably had a purity of at least 95 % (cf. Guy & Smith 1939) . In the preparation of octadecyl stearate, octadecyl alcohol was first prepared by the reduction of ethyl stearate with sodium and alcohol as described by Smith (1931) .
In the preparation of tristearin, stearyl chloride was first prepared by refluxing stearic acid with thionyl chloride on a water-bath and then fractionating the product in vacuo. Dehydrated glycerol dissolved in pyridine was added to a slight excess of stearyl chloride dissolved in petroleum ether. The mixture was allowed to stand for an hour and then refluxed for several hours on the water-bath. Enough petroleum ether was added to dissolve the tristearin and the mixture repeatedly extracted with dilute hydrochloric acid to remove the pyridine, and 10 % potas sium carbonate solution containing some alcohol to remove any free stearic acid. The tristearin which was obtained on evaporating the petroleum ether was recrystallized from this solvent. I t melted sharply at 71° C. Trimyristin, glycol distearate and glycol dimyristate were prepared in a similar manner.
The methyl esters of straight-chain fatty acids. The results for this series of esters are given in figure 6, from which it will be seen th at the difference between the transition temperature and the melting-point is approximately 50° C for each member of the series.
The stearic esters of the normal alcohols. In this series of esters the effect of in creasing the size of the 'alcohol' group from the methyl radical to the ceryl chain of 26 carbon atoms has been investigated. The results are given in figure 7. Both the melting-point and the transition temperature pass through a minimum in the region of C4 to C6 as the length of the 'alcohol' chain increases. Figure 8 shows, however, that the difference between the transition temperature and the meltingpoint steadily decreases with increase in the length of the alcohol chain and tends to become linear above about 16 carbon atoms.
Myristicand stearic esters of glycol and glycerol. The glycerol esters were in vestigated in view of the fact th at most fatty oils used commercially as lubricants consist of the glycerol esters of long-chain fatty acids. The glycol esters may be regarded as intermediate in structure between the methyl and glycerol esters. The results obtained are given in Table 1 , which includes those of the methyl esters for comparison. The methyl esters of dibasic fatty acids. Dimethyl succinate and dimethyl sebacate were examined in this series.
The results are as follows: The friction with dimethyl sebacate as a lubricant rises rapidly as the surface is heated above the melting-point of this lubricant. A photographic record showing this effect is reproduced in figure 9 . No change in friction was observed at the melting-points of the monobasic acids and their esters (cf. figure 3) . The increase in friction at the melting-point of dimethyl sebacate suggests th a t a change in the orientation of the molecules in the surface layer occurs at the melting-point. Below the melting-point the molecules are probably attached to the surface by one of the ester groups with the hydrocarbon chains pointing away from the surface and tightly packed together as in the crystal lattice. In this orientation the coefficient of friction would be of the same order as th at found for long-chain monobasic acids and esters, which is the case. When the bulk melting-point is reached the molecules have sufficient energy to break away from the configuration in which they exist in the crystal lattice, and it is possible th a t both ester groups are now attracted to the surface, causing the molecules to lie more or less flat on the surface (cf. Adam & Jessop 1926) . The higher value of the coefficient of friction in the liquid state supports this view. If the molecules lie flat on the surface above the bulk meltingpoint, it might be supposed th at the adsorbed film of the succinate would be main tained to a higher temperature than th a t of the sebacate in which the film would be weakened by the thermal energy of the longer hydrocarbon chain joining the ester groups. The transition temperature of the succinate would therefore be higher than th at of the sebacate which is the result observed.
The influence of temperature on boundary lubrication 33 
Discussion
Using a load of 4 kg. on the hemispherical contact and a sliding speed of 0-005 cm./sec., all the pure substances used as lubricants gave a transition from smooth sliding to stick-slips as the surface was heated. This transition occurred a t the bulk melting-point of the hydrocarbons, ketones, alcohols and amides when the mild steel surfaces were lubricated with these substances, but a t a considerably higher temperature than the bulk melting-point when acids and esters were used as lubricants.
In order to explain this phenomenon which, from the large number of substances investigated, appears to be quite general, the following hypothesis is advanced: Under the conditions of 'boundary lubrication' obtaining in the test, smooth sliding occurs when the surface layer of lubricant on the steel contact slides over a similar layer on the steel plate. Below the bulk melting-point the molecules are maintained oriented in the surface layer by the forces which maintain them in position in the crystal lattice even if, like the hydrocarbons, they contain no polar group which is attached to the surface. Smooth sliding therefore occurs below the bulk melting-point of all the substances examined. When the surfaces are heated up a temperature will be reached when the molecules in the surface layer become disordered and the layer 'm elts'. When this occurs the metal surfaces are no longer protected by the oriented surface film and metal to metal contact can occur. The contact becomes stuck to the surface and travels with it until the limiting value of the static friction is reached. A slip then occurs under the action of the restoring force of the bifilar suspension. The contact then sticks to the surface again and
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the process is repeated. Since hydrocarbons are non-polar and therefore not adsorbed, the surface layer of these compounds breaks down at the melting-point. Acids and esters, on the other hand, being strongly polar substances are adsorbed on the steel surface. The surface layer of acids and esters does not break down at the bulk melting-point, but is maintained to a much higher temperature. The transition temperature represents the temperature at which the adsorbed film breaks down or melts, and may therefore be regarded as a measure of the strength of this film. The difference between the transition temperature and the bulk melting-point which is approximately constant for the long-chain fatty acids and for their methyl esters, may be regarded as a measure of the strength with which the polar group is adsorbed, since the molecules have sufficient energy a t the transition temperature to overcome both the lateral adhesion which holds them in position in the crystal lattice, and the force of adsorption of the polar group for the surface. Further experimental evidence in support of this hypothesis is afforded by the results obtained with built-up films described in the next part of this paper.
Evidence of the existence of an adsorbed film of lubricant at a metal surface and its persistence to elevated temperatures is afforded by the electron diffraction experiments of other workers. Andrew (1936) demonstrated the existence of adsorbed films at room temperature in the case of commercial oils of the type which give smooth sliding. Tanaka (1938 Tanaka ( , 1939 showed th at orientation of palmitic and stearic acid on copper surfaces was maintained to 120-130° C. Beeck et al. (1940) found that the hydrocarbon tetratriacontane and the ketone stearone showed a high degree of orientation perpendicular to the surface below their meltingpoints, but the adsorbed molecules evaporated from the surface near the meltingpoint. An adsorbed layer of stearic acid, on the other hand, persisted at 110° C.
Since alcohols, ketones and amides, like hydrocarbons, give a transition to stickslips at their melting-point, they cannot be strongly adsorbed on a steel surface. Esters and acids which are strongly adsorbed differ from alcohols, ketones and amides in containing the group -CO.O-. The fact th at the methyl esters are almost as strongly adsorbed on a steel surface as the acids suggests th at the adsorp tion is due to the interaction of the dipoles of the -CO. O-group with the atoms in the metal surface, since there is no question of ionization-which might explain the adsorption of the acids-playing any part in the adsorption of the esters. Furthermore, it was shown in the case of the acids th at the transition is not due to their attacking the surface.
As the length of the hydrocarbon chain attached to stearic acid in the stearic esters of normal alcohols is increased, the difference between the transition tem perature and the melting-point, and hence the strength with which the polar group is adsorbed, decreases as shown in figure 8. There are two factors which may account for this behaviour:
(1) The strength of adsorption may be weakened as the length of the 'alcohol' chain increases: the larger the 'alcohol' group the further the -CO.O-group may be kept from the surface.
(2) As the length of the 'alcohol' chain increases, the lateral adhesion between it and the 'acidic' chain may distort the molecule, and in the case of the long 'alcohol' chains, bend it into the form of a hairpin. This distortion which will increase with the length of the 'alcohol' chain will alter the configuration of the polar group and consequently change its resultant dipole moment.
A similar series of esters of palmitic acid has been studied as unimolecular films on aqueous surfaces by Adam (1929) , and by Alexander & Schulman (1937) ? who have shown th at if the 'alcohol' chain contains four or fewer carbon atoms it is forced under the surface and vertically opposes the ' acidic ' chain in the condensed films. If the alcohol chain contains more than four carbon atoms, the lateral adhesion between it and the acidic chain is sufficient to bend the molecule up into the form of a hairpin. Alexander & Schulman find th at in the case of cetyl palmitate the distortion of the polar group is sufficient to reduce the vertical component of the dipole moment to zero.
It is not improbable th at the series of stearic esters are orientated in a similar manner on a steel surface, in which case a qualitative explanation is afforded of the results.
Further evidence in support of the view th at the adsorption of acids and esters is due to the interaction of the dipoles of the -CO. O-group with the atoms in the metal surface is afforded by an experiment with octadecyl acetate as lubricant. This substance may be regarded as being derived from the methyl esters of the long-chain acids with the position of the hydrocarbon chain and the methyl radical interchanged. The position of the -CO. O-group in space in the adsorbed layer would therefore be different from what it is in the case of the methyl esters, resulting in a different value for the vertical components of the resultant dipole moment and hence in the strength of adsorption. The difference between the transition temperature and the melting-point of octadecyl acetate is 38° C com pared with 51° C, the mean value for the methyl esters.
If the glycol and glycerol esters of long-chain acids are adsorbed on a steel surface in the same way as Adam (1922) has shown them to be oriented on a water surface -with the polar group on the surface and the hydrocarbon chains tightly packed and pointing away from it-they may be regarded as derived from two or three molecules respectively of the corresponding methyl esters linked through the carbon atoms of the methyl groups. The glycol esters have two polar groups in the mole cule, the dipoles of which can interact with the metal atoms in the surface and cause the molecule to be adsorbed on the surface. These polar groups are the same as those in the methyl esters. Since there are two of these groups in the glycol esters it might be expected that the molecule of the glycol ester would be twice as strongly adsorbed as that of the methyl ester, but the presence of the additional polar group is offset by an additional hydrocarbon chain which can take up energy and contribute to the removal of the molecule from the surface at the transition temperature. If the chains are tightly packed distortion from the normal valency angles must occur. The resultant distortion at the polar groups would, as in the The influence of temperature on boundary lubrication
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case of the stearic esters, diminish the strength with which the molecules are adsorbed on the surface. A similar distortion would occur in the glycerol esters. The difference between the transition temperature and the melting-point would there fore be less for the glycerol and glycol esters than for the methyl esters, which is the result found experimentally.
II. Experiments with built-up films of lubricants
In order to test further the hypothesis th at the transition from smooth sliding to stick-slips occurs when the adsorbed film becomes disoriented, the following experiments were made with lubricant films of known molecular thickness built up by the Langmuir-Blodgett (1935) technique. Stainless steel surfaces were used in these experiments, since the mild steel previously employed was corroded by immersion in water. The films of the acids were spread on the surface of distilled water to avoid the deposition of the calcium salts which occurs when tap water is used.
The first unimolecular layer is deposited with the polar group adjacent to the surface, and thereafter the film is built up in double layers in which the polar groups are adjacent as in the crystal lattice. According to Stenhagen (1938) the long spacing of these built-up films as measured by X-rays always corresponds to a crystalline form of the substance, and Bikerman (1938) concludes th a t crystal lization occurs in the film so th at the surface becomes coated with a layer of micro crystals. The area of film deposited corresponds to the geometrical area of the surface on which it is deposited, although in the case of metals the actual area, due to pits and scratches, m ust be considerably greater than the geometrical area. I t must therefore be supposed th at the film is stretched over the surface like a soap film on wire gauze. In this connexion it is interesting to note th a t Bikerman (1939) finds th at films may be deposited on wire gauze, the area of film deposited being equal to the geometrical area of the gauze.
Ceryl alcohol and myristone films
The mean values of a number of determinations of the transition tem perature from smooth sliding to stick-slips, and the coefficient of friction below the transition temperature (in the region of smooth sliding) for ceryl alcohol and myristone films of varying thickness are given in table 2. When the surfaces were each coated with a unimolecular film of ceryl alcohol and heated up a t a uniform rate, the friction remained steady until the bulk melting-point was reached, when small stick-slips occurred. These stick-slips persisted until the temperature had risen to about 100° C, when the friction became irregular, eventually rising to the high value of the clean metals. Evidently the film melted when the stick-slips set in, and remained liquid on the surface until a higher temperature was reached and the molecules had sufficient energy to evaporate from the surface. When five or more molecular layers were present initially the stick-slips persisted to a higher tem perature. The behaviour of the myristone films was essentially similar. Table 2 th ic k n e ss o f film tr a n sitio n co efficien t 
Methyl stearate, ethyl stearate, elaidic acid and stearic acid films
When the stainless steel surfaces were each coated with a unimolecular film of these substances and the friction observed as the surface was heated up from room temperature at a uniform rate, the friction remained steady until a temperature characteristic of the lubricant was reached. A sudden rise in friction then occurred which was recorded by the camera as a rise in the friction trace. A typical example of this first rise in friction in the case of elaidic acid is shown in figure 10a . The friction then remained steady at its new higher value until a temperature was reached at which the film broke down. When this occurred a rise in the friction, eventually to the high value, of the clean metals occurred. The photographic record of this is shown in figure 106 , which is the continuation of the record of figure 10a . The temperature at which this second rise in friction occurs is taken as the tran sition temperature. Since the adsorbed film is at a temperature considerably above the bulk melting-point of the lubricant when it breaks down, the molecules do not persist in a disoriented condition but evaporate and the friction therefore changes from smooth sliding, not to stick-slips, but to the higher irregular value observed with unlubricated metals.
The mean results for unimolecular films of these lubricants are given in table 3. By analogy with the behaviour of films on aqueous surfaces it is probable th a t the first rise of friction is due to the surface films changing from the 'condensed' to the 'liquid-expanded' type. In the condensed type of film the molecules are closely packed and strongly attached to one another by the lateral adhesion 38 J. J. Frewing Table 3 lu b rica n t (present as a u n im olecu lar film on each surface) m e th y l stea ra te e th y l stea ra te stearic acid elaid ic acid between the hydrocarbon chains. In the liquid-expanded film the hydrocarbon chains are generally supposed to be free to rotate and vibrate but are firmly anchored to the surface at the base by their polar end-group. In view of the flexibility of the hydrocarbon chains in the 'liquid-expanded' films the metal surfaces would be able to ap proach each other more closely than when covered with 'condensed' films, and this fact probably accounts for the higher coefficient of friction ob served above the temperature of the first rise in friction.
In another series of experiments the stainless steel contact was coated with a unimolecular film of lubricant, and films of varying thickness were built up on the stainless steel plate. The latter was then heated up at a uniform rate and the friction with the contact observed.
When five or more films were originally present on the surface a transition from smooth sliding to stick-slips occurred; with fewer films present initially the break 39 down of the film was accompanied by the rise in friction mentioned above. The value of the transition temperature increased with the initial thickness of the film eventually reaching th at recorded for an excess of lubricant on stainless steel surfaces. The results on methyl stearate, ethyl stearate, and elaidic acid are shown in figure 11 . The transition temperature for an excess of lubricant is higher than for a unimolecular film, since the adsorbed layer is in equilibrium with an excess of the molecules of which it is composed. Intermediate values of the transition tem perature are obtained when the initial thickness of the film is up to about 30 mol. Owing to the short range over which adsorptive forces act the outer layers of lubricant will probably melt at the bulk melting-point, and will begin to evaporate from the surface as the temperature rises. A film which was initially 30 mol. thick will be considerably thinner by the time the transition temperature is reached. Experimental evidence of this is afforded by the fact th a t films of 33 molecular layers of methyl stearate, which are purple in white light, show no interference colour after being heated to 100° C. The film must therefore have been at least halved in thickness. The actual thickness of any film by the time the transition temperature is reached will depend on the rate of heating (which was constant in these experiments) and the volatility of the lubricant.
The influence of temperature on boundary lubrication The effect of white oil on a unimolecular film of methyl stearate
In these experiments the stainless steel surfaces were each coated with a uni molecular film of methyl stearate and the lower surface set in motion, the friction being recorded by the camera. After the surface had been moving for about 30 sec. a drop of white oil was blown on to the surface round the contact from a pipette, the light beam recording the temperature being momentarily interrupted so as to record the moment of addition of the oil on the photographic film. The friction between the surfaces was recorded on the camera for about 3 min. aftei* the addition of the oil. A typical record is reproduced in figure 12 . It will be seen that the friction between the surfaces coated with a unimolecular film of methyl stearate remained constant before the white oil was added. Immediately after the addition of white oil the coefficient of friction rose during 15 sec., and then remained approximately constant for about 7 sec., when a slip occurred, and was followed by regular stick-slips. This result shows th at a unimolecular film of methyl stearate on stainless steel is dissolved from the surface by white oil in about 15 sec. at 20° C, since a t the end of this period the behaviour is practically the same as if the surfaces are lubricated with white oil. If the stick-slips were due to sliding over the methyl stearate film in the presence of white oil, they should commence immediately the white oil is added. But the slope of the rise in friction which occurs after the white oil is added to the surface is much less than th at of the 'stick', so th a t there is relative motion between the contact and the surface. Immediately the white oil is added to the surface, solution of the methyl stearate commences, and as the film is gradually removed the friction rises but sliding still occurs. When the film has passed into solution the surfaces are in effect lubricated with while oil and stick-slips characteristic of this condition occur.
Some experiments were also made in which the surfaces were each coated with a unimolecular film of elaidic acid, and white oil added. Since elaidic acid is more strongly adsorbed than methyl stearate, smooth sliding occurs at room temperature in the presence of white oil. The variation with temperature of the friction of a unimolecular film of elaidic acid covered with white oil showed a resemblance to the behaviour of a unimolecular film of elaidic acid in the absence of white oil. The first rise in friction occurred in the neighbourhood of 50° C and the film broke down and passed into solution at about 60° C. The resultant solution of elaidic acid in white oil was of insufficient concentration to build up an adsorbed film on cooling and the behaviour remained essentially th at of white oil on stainless steel.
Solution of lubricants in white oil
A 1 % solution of methyl stearate in white oil continued to give stick-slips characteristic of white oil after being on the stainless steel surfaces for 18 hr. A solution of this concentration is therefore unable to build up a continuous adsorbed film in 18 hr. With a 10 % solution of methyl stearate in white oil smooth sliding occurred after a few hours showing th a t a continuous adsorbed film had been formed. When the surfaces were heated up the film broke down and passed into solution in the neighbourhood of 30° C, stick-slips characteristic of white oil occurring. On cooling to room temperature the stick-slips persisted and several hours elapsed before smooth sliding occurred, indicating th at a continuous adsorbed film had been rebuilt on the surfaces. This shows th a t the transition from smooth sliding to stick-slips is due to the disorientation of the adsorbed film and its passage into the solution and not just to a loosening of the film as the temperature rose, in which case smooth sliding should recommence on cooling below the transition temperature.
Similar results were obtained with solutions of oleic acid in white oil. The more concentrated the solution the more rapidly the surfaces became coated with a continuous adsorbed film.
Discussion
When stainless steel surfaces are each coated with a unimolecular layer of ceryl alcohol or myristone a transition from smooth sliding to stick-slips occurs a t the bulk melting-point of the lubricant. The same result is obtained when an excess of either of these lubricants is present, showing th at the transition is caused by the disorientation or 'm elting' of the surface layer of lubricant. The surface layers of ceryl alcohol and myristone are not strongly adsorbed and, like the non-polar hydrocarbons, break down at the bulk melting-point when the molecules have sufficient energy to break away from their positions in the crystal lattice..
When acids qr esters are used as lubricants the surface film is maintained oriented by the adsorption forces to a temperature higher than the bulk melting-point. When in contact and in equilibrium with an excess of the molecules of which it is composed, a unimolecular film of acids or esters can be maintained as a continuous adsorbed film to a higher temperature than when it is isolated on the metal surface.
The experiments-on the effect of white oil on unimolecular films of elaidic acid and methyl stearate afford further confirmation of the hypothesis th at the transi tion from smooth sliding to stick-slips, is due to the disorientation of the adsorbed layer.
The experiments on built-up films show th at the coefficient of friction under high loads is the same whether the surfaces are each coated with a unimolecular film or with a film of lubricant many molecules thick. This result affords direct experi mental evidence in support of the view that under conditions of ' boundary lubri cation' prevailing when the pressure between slowly moving surfaces is very high, excess of lubricant is squeezed out and lubrication is effected by a unimolecular layer adsorbed on each surface. The variation with load of the coefficient of friction between steel surfaces lubricated with oleic acid shows th at orientation extends beyond the primary adsorbed layer in the case of this lubricant. The outer layers are not so strongly held as the primary layer and are squeezed out under high pressures. In the case of the esters, alcohols and ketones no appreciable orientation appears to extend beyond the primary layer, but some preliminary experiments on elaidic and stearic acid suggest th at orientation may extend to several molecules with these lubricants. This accounts for the low values of the coefficient of friction, between surfaces lubricated with oleic acid, reported by previous workers and explains the good lubricating properties of this substance. Since the length of the molecule of oleic acid is approximately the same as th at of methyl stearate, ethyl stearate, myristone, and elaidic acid, the coefficient of friction under true boundary conditions should be approximately the same as th at obtained with built-up unimolecular films of the latter lubricants. Owing to orientation extending beyond the primary layer this value is attained in the case of oleic acid only under high loads.
